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PRINCIPLES AND APPLICATIONS OF MUON COOLING

David Neuffer
Los Alamos National laboratory, los Alemos, New Mexico 87545

Suumar

The basic principles of the application of "doni-
zation cooling" to obtain high phase-space density smuon
beams sre described, and {ts limitations are outlined.
Sample cooling scenarios are presented. Applications
of cooled muon beams in high-energy sccelerators are
suggested; high-luminosity u*—u' and u=p colliders at
21-TeV energy are possible.

Introduction

Electron-positron (e*-e™) colliders have been es~
sential tools {n gaining an understanding of particle
physics. However, their future use at higher energies
is secverely limired by radiation processes. Synchro-
tron radiation in storage rings causes electrons to
lose energy at a rate proportional to the fourth power
of the electron energy, and this radiatfon effectively
prevents construction of e~ storage 1ings at energies
groater than (00 GeV (LEP), e ~e” linear colliders are
pronosed to circumvent this problem. However, they
have substantial practical difficulties in ohtaining

adequate iuminosity, are very expensive, and also have
particle radiation problems that prevent opractical
implementation at particle energies 2300 GeV. Another

approach, pp and pp colliders, can indeed reach multi-
TeV euergies, but hadron-hadron interactions lack the
simplicity of lepton-lepton rollisifons; lepton-lepton
and lepton-hadron colliders are necessary to provide a
complete picture of high-energy processes.

Synchrotron radiation varies {nversely as the
fourth power of the mass, so the radiation difficulties
of et-e” machines can be avoided by the use of '"heavy
electrons,” muons (u*-u'). and that pos ibility is the
subject of this pajer.

The principal liabilities of muons are their short
lifetimes and the large {niti{al phase-space areas of a
nuon beam as produced in w Jecay, The lifetime < {8
given by

E
v o= 2,197 x 1077 Y gen
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vhere E,, m, ara the nuog energy and mass. However,
this i» ~0.02 s for 1-TeV y~ and i¢ adequate for any
linac and for high-energy storagje rings and rapid cy~
cling synchrotrons (see below). The large phase-space
area of & muon beam can be damped using “fonization
cooling™’ (as described helow) to a small value suit-
able for high-luminosity colliders.

in tha following eections, we wil)l describe the
principles of muon cooling, discuss cooling ecenarios
and experiments, and then high-enerny collider applica~-
tiona,

Muon Cooling

The basic mechanism of y cooling s
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Fig. 1. Sketch of "fonization cooling" principle.

interactions with stomic elections. Following thiz, 1t
passes through an accelerating cavity where the average
longitudinal energy lous is restored. Energy cocling
occurs following

¥ =Y AE (2)

where AE 1is the ouon energy deviation from the central
value, K is the numdber, of cooling cycles, & 1is the
muon energy loss in the absurber, and the derivative is
taken at the central value Eu' Cooling occurs {f the
derivative fs positive. For E  $0.3 GeV, this encrgy-

loss rate Jderivative 1is steeply negative for all
absorbing materials, but for Eu 20.5 GeV, it 1s nosi-
tive with
b [
35 T o.zE—“ . &)
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The precise value has a weak dependence on the absorber
msterial, and the energies 0,® S E S 2 GeV are reason-
able energies for muon collection, The yu besm is re-
circulated through wmany absorber/accelerator cycles
either by a return path (cooling ring) or repesated
structure (linac) to obtain the desired final
distribution.

Tranaverse damping sleo occurs because energy loes
is parallel to the particle trajectory, vherean energy
gain s longitudinal. Expressing thie trlnlvc5|o ener-
gy loss in terms of rms emittance, one obtains

AU
¢ (4)
dn !: )

for both transvarne deprees of freedom.



An exchange in cooling rate between the lomgitudi-
nal (Eq. 3) and a transverse (Eq. 4) dimension can be
obtlin!d if a "wedge" absorber in a gonzero Courant~-
Snyder dispersion region {1s wused‘ (see PFig. 2).
Enhanced energy damping with this wmethod implies de~-
creased transverse damping, whereas the sum of Exs Cy»
AE damping rates is constant:

:E ; E,
5 ¥ 2.2 {s constant , (s)
x,y,8E ~cool,i

vhere !iool.i 18 the e} damping energy in each dimen-
sion, cool ™ n.—l Au‘

The process 1is balicnlly similar to radiation
damping in et storage rings, vhere energy 1loss in
bending sections by synchrotron radiation is recovered
in rf cavities. Radiation dawping is limited by quan-
tuz fluctuations; similarly, muon cooling is limited by
statistical fluctuation in muon—-atom Interactions in
the absorber.

The 4mportant difference is that muons decay, and
cooling must be completed bdefore decay occurs. The

muon lifetime (Eq. 1) can be tranglated to a path
longth (B, * 1)
EU
Lu - 6.59 x 102 — meters , (6)
™

v

which can be translated into s number of turne of besnm
storage, '

N by ...__.L”‘ 297 B (T 7
- T o B (T) turmms , 7

P

wvhere B 1s the ring-averaged bending field and B_ the
magnetic rigidity IBO(T—u) r 3.3 E, (GeV)]. fo1
independent of E,.

Muon cooling is liamited by heating due to statip~
tical fluctuations in the number and snergy exchange in
the muon=electron collisions in the absorber. An apti-
mate of this heating in energy cooling can be obtained
by noting that the mean epergy, exchange is the mes .
slectron ionization energy 1
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Fig. Z. Use of varying thickness absorber to enhance

snergy dependence of energy loss.
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The number of collisions per cooling cycle is N ~ 3 /1

and the rms energy sp:i:ad is ~/N1er Avl. Coubinrng
cooling with heating, we obtcin
24
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cool ,z

which has an equilibrium solution indicating the limits
of muon energy cooling,

1E
2 ~ cool,2
CBEY> o, = — (10)
For typical values <Ecool.z = 2 GeV),
BE; = /B>, = 105 /T, eV . (1)

Transverse cooling is severely limited by multiple
szmall-angle elastic scattering, mostly Coulomb scatter-
ing from the nuclei. The mesn scattering angle 1in
passing through an absorber of :gickncll § can be esti-
vated by the following equation:

o plaun [e7
me *E w1

vhere is the radistion length of the sbsorber mater~
ial. The cooling equation for transverse emittance can
ther be written as

2

de Iy B 2
x u x 14 [
.- o+ (1)L (13)
an !cool.n x T y l‘ll
where . 10 the C~S betatron function at the absorber.
The cquflibrlun enittarnce is
[
o = Ox {lk)z cool ,» (14)
T‘!'; (3E
3';'1)
dr

The prnduct rry L‘) depends upon the absorber and 4,

largast for light elazenta’ (~100 MeV for Be or C but
~7 MaV for Pb or W). The appearance of 8, in Eq. (14)
indicates optimum wmittance cooling requi-irg wvary
strong focusing to a low valus of 6 st the absorber.
Note that the length of the absorber must ha less than



~2 By» and obtuining wmwaximum ahsorption in minimum
length requires heavy elements, opposing the previous
constraint.

We no*
be relaxec
ment (such at
probably incl.
structure.

“ere that the constraint L, $ 2 8, can
the absorber is an active focusing ele-
l1ithium lens). Optimum uw coolers will
such elements in some portion of their

Muon Cocler- 'egign Outlines and Experiments

In this secticn we outline some feasible u cooler
designs and experiments. Two basic approaches are sug-
gested: storage ring and linacs. We expect that
optimum designs to obtain minimum phase space will com-

bine these in a wultistage eystem.

Ve first consider a storage-ring system. Figure 3
shous the basic components: s rapid-cycling p synchro-
tron for » production, a w—-decay line, and a storage
ting for 1-GeV . The muon storage ri g is a rela-
tively modest device with conventional wmagnets (<ZT)
and modest cooling goals suitable for a u~p collider.

A second stage would probably be necessary to
sciiieve the lower transverse phase-space densities
necessary for a u*-u' collider; 1t is difficult to cool
itransverse emjttance »y nore than a factor of ~30 in a
sirgle Ac storage ring because of the focusing required
in the absorber. A second stage using superconducting
magnets (B 2 10T) will obtain ¢, (1 GeV) § 2.0 m-mrad.
Higher fields and optimized designs will obtain smaller
¢, but ¢, £ 0.5 um-mrad appears iopractical. We note
tﬁnt u cooiing requirements are ideal for use of wmaxi-
wum field superconducting wmagnets (dc operation, low-
particle flux, modest sizes).

Focusing requirements are relaxed in a ¢ linac
wvhere magnet apertures can be 1aduced, providing
stronger focusing, as the beam is cooled. Beam loss
from decay 1s also reduced. Figure 4 shows a modest
first-stage u cooling (100 » » 10 n) linac using con-
ventional magnets. A second stage with superconducting
ma,nets can obtain ¢, $ 2 » mo-wrad.

Existing ~1~GeV storage rings may be modified with
low=beta insertions and additional rf for exparimente
testing p cooling concepts. Acceleration ¢n the order

of 10 MeV/turn 1s required to obtain cooling before
decay., One candidate is the Fermiladb 600-MeV/c "“elec-
tron cooling ring," outfitted with ~5 to 10 MeV of rf

borrowed from the future "Debuncher.” The p production
target can be ured to provide ‘s to be transported in
a decay line to provide u's. Another candidate is &
SLC damping ring with additional rf and some u source
(instead of e*).

Tanalt
Moy
vmnanvc:] ~ DECAY
sEAM INJRCTION

t»)
EXTRACTION
"~ JCOMPRESOOR
N, ARC)

LOW-0ETA
* -~ ABSORBER —&

~1-QeV
¥ STORAGE mING
8ECTIONS

Fig. 3. Muon cooling ring.
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Fig. 4. Sketch of muon cooling linac.

Application of Coaled Muons
in High-Energy Accelerators

Cooled muon beams have many possible uses in high-
energy accelerators. In this sectign, we will empha-
size applications not accessible to e machines, such
as colliders at >0.5-TeV energies.

A. y"~u~ Rapid-Cycling Collider

Most collider applications wlill require a high-
intensity muon source at a frequency matched to the
muon lifetime. At 1 TeV, t ® 0.02 s, this {5 reason-
ably well matched to a higg-intcnnity 30- to 60-Hz
rapid=-cycling proton synchrotron.

In Fig. 5 wve outline the major components of a
1=-TeV u collider: s rapid-cycling proton synchrotron
with target to produce »’s; a decay cgnnnel (or "sto-
chastic {njection" into s storage ring)° for v + y de-
cay; a storage-ring/linac system for u cooling; and a u
linac (or "booster") for injection into a rapid=cycling
synchrotron with period matched tn the proton synchro-
tron. In this example the L synchrotroi. 1is siwmply a
conventional lsrger vorsion of the proton synchrotron.
We assume from previous calculations that ~5 x 1073
stored muons are obtained f'om each primary proton.

The u*-y~ rollider
using

luminority L may be estimated

+
f.n, npg NN
Ly o t R .
an g% "
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Fig. 5. 1-TeV . rapid-cycling synchiotron.



with 2 x 10!3 protons/pulse, we ohtain ~10!! grored uz
wvhich wmay be organized into ny ¥ 2 bunches with N =
N~ =5 x 10}7 y/bunch. The cyclfng frequency (30 Hz)
1s f.; n, 1s the mean number of storage turns_(300);
and we may estimace B* * 0.3 cmand e* = 2 x 1077 cm-R
a” 1 TeV. We obtain L 5 1032 em™2 §~!, an sdequately
high luminosity. The same synchrotron may be used as @
u'-p+ collider at high luminosity, with more relaxed
requirements on N, B', and £*. The scemario is, 1in
principle, easier but more expensive at higher ener-
gles.

B. Linac/Storage-Ring Scenario

Cooled muons may be suitable for
high-gradient 1linac. Skrinsky suggested acceleration
of u’s 1in his "proton klystron." Other 1linac ideas
such as "surfatrons,"” "wake fields," etc., may be more
readily adaptable to u acceleration than e because of
the u immunity to synchrotron radiation, bremsstrahlung
and particle-medium interaction.

irjection in a

linac, p*-u”
be obtained in a dc super-

the high-energy output
Luminosity can, in principle, be
higher than in the previous example (L 5 103%), since
srronger fields will i{ncrease n, (the number of beam-
ctorage turns) and decrease B*, and beam loss {n accel-~
eration is reduced.

Assuming a suitstle high-gradient
(and u-p) collisions way
conducting ring which ac:epts
beam (see Fig. 6).

C. u=p Colliders

. An tmportant advantage of ut-y” colliders over

e¢"-e” 1s that u=p collisions msy also occur in the same
ring. In the rapid-cycling synchrotron pxotons may be
injected with u~, and in the storage ring scenario they

may be stored before L~ {njection. The revolution
frequencies sre raturaliy wmismatched because of the
different velocities at equal energies. They can be

rematched” by displacing the beams in energy under the
condition (high energy),
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Fig. 6. u linac/storage-ring system.
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where Ap/p 1is the momentum offset, Y, the transition
energy of the ring, and_!u, Yp 8Te the kinetic factors.
At 1 TeV with aAp/p = 10 we obtain y, = 45, a reason-
able value.

References

1. A. N. Skrinsky, Proc. XXth Int. Conf. on AlP

Conf. Proc. 68 (1980), p. 1056.

HEP,

2. D. Neuffer, Fermileb FN-378, Janucry 1983, to be
published in Particle Accelerators.

3. E. D. Courant
(1958).

and H. S. Snyder, Ann. Phys. 3, !

4, M. Sands, SLAC-121, Proc. Int. School of Physics,
Varenna, 1969 (Acadenic Press, New York, 1971).



